RAVE J203843.2-002333: The first highly r-process-enhanced star
  identified in the RAVE survey by Placco, Vinicius M. et al.
Draft version October 9, 2018
Typeset using LATEX twocolumn style in AASTeX61
RAVE J203843.2−002333: THE FIRST HIGHLY R-PROCESS-ENHANCED STAR
IDENTIFIED IN THE RAVE SURVEY.∗
Vinicius M. Placco,1, 2, † Erika M. Holmbeck,1, 2 Anna Frebel,3, 2 Timothy C. Beers,1, 2 Rebecca A. Surman,1, 2
Alexander P. Ji,3, 2 Rana Ezzeddine,3, 2 Sean D. Points,4 Catherine C. Kaleida,5 Terese T. Hansen,6
Charli M. Sakari,7 and Andrew R. Casey8
1Department of Physics, University of Notre Dame, Notre Dame, IN 46556, USA
2JINA Center for the Evolution of the Elements, USA
3Department of Physics and Kavli Institute for Astrophysics and Space Research, Massachusetts Institute of Technology, Cambridge, MA
02139, USA
4Cerro Tololo Inter-American Observatory, Casilla 603, La Serena, Chile
5Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA
6Observatories of the Carnegie Institution of Washington, 813 Santa Barbara St., Pasadena, CA 91101, USA
7Department of Astronomy, University of Washington, Seattle, WA 98195-1580, USA
8Monash Centre for Astrophysics, School of Physics and Astronomy, Monash University, 19 Rainforest Walk, Vic 3800, Australia
ABSTRACT
We report the discovery of RAVE J203843.2−002333, a bright (V = 12.73), very metal-poor ([Fe/H] = −2.91), r -
process-enhanced ([Eu/Fe] = +1.64 and [Ba/Eu] = −0.81) star selected from the RAVE survey. This star was identified
as a metal-poor candidate based on its medium-resolution (R ∼ 1, 600) spectrum obtained with the KPNO/Mayall
Telescope, and followed-up with high-resolution (R ∼ 66, 000) spectroscopy with the Magellan/Clay Telescope, allowing
for the determination of elemental abundances for 24 neutron-capture elements, including thorium and uranium.
RAVE J2038−0023 is only the fourth metal-poor star with a clearly measured U abundance. The derived chemical-
abundance pattern exhibits good agreement with those of other known highly r -process-enhanced stars, and evidence
in hand suggests that it is not an actinide-boost star. Age estimates were calculated using Th/X and U/X abundance
ratios, yielding a mean age of 13.0± 1.1 Gyr.
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1. INTRODUCTION
Advances in observations and theory in the past few
years are converging on identifying the likely astro-
physical site(s) of the rapid neutron-capture process
(r -process), some sixty years after it was first sug-
gested to account for the production of roughly half
of the heavy elements beyond iron (Burbidge et al.
1957; Cameron 1957). The recent discovery of highly
r -process-enhanced stars in the ultra-faint dwarf galaxy
Reticulum II (Ji et al. 2016; Roederer et al. 2016) opens
a new observational window on the origin of the r -
process. The observed enhancements point to enrich-
ment by a rare astrophysical event that copiously pro-
duces r-process elements. The presently favored site
that fits these characteristics (high temperatures, densi-
ties, and flux of free neutrons on short timescales; Bur-
bidge et al. 1957) is the outflow from binary neutron
star mergers (NSMs; Meyer 1989; Bauswein et al. 2013;
Rosswog et al. 2014). This environment has been ar-
gued to be a possible source of the r -process since the
work of Lattimer & Schramm (1974). If this hypoth-
esis is correct, it would be possible to link all the r -
process-enhanced stars observed to date (including those
in the halo field) to a common formation site and/or
class of parent progenitors, which would add impor-
tant constraints to theoretical predictions for the chem-
ical evolution of the Galaxy and the Universe. Other
possible sites of the r -process, including the so-called
magneto-rotational supernovae (MR-SNe), which ad-
dress several concerns raised about NSMs as the single
site (e.g., Cescutti et al. 2015; Tsujimoto & Nishimura
2015; Wehmeyer et al. 2015; Beniamini et al. 2016), are
currently being explored (Nishimura et al. 2017).
Observations of stars in ultra-faint dwarf galaxies are
challenging due to their faint magnitudes (g & 17). Be-
cause of that, (brighter) field halo stars can provide more
detailed information on the r -process element abun-
dances, to help better constrain its origins. The mod-
ern era of detailed exploration of this question opened
with the discovery of the highly r -process-enhanced star
CS 22892-052 (Sneden et al. 1994), an extremely metal-
poor star (originally identified in the HK Survey of
Beers and collaborators; Beers et al. 1985, 1992) with r -
process elemental-abundance ratios exceeding ten times
the solar values. These stars are known as r -II stars
([Eu/Fe] > +1.0 and [Ba/Eu] < 0.0; Beers & Christlieb
2005). Other examples of such stars have been iden-
tified over the past few decades, as the result of ded-
icated searches (e.g., HERES, the Hamburg/ESO R-
process Enhanced Star survey, see Christlieb et al. 2004;
Barklem et al. 2005) and other large high-resolution
spectroscopic studies of very metal-poor (VMP; [Fe/H]1
< −2.0; Beers & Christlieb 2005; Frebel & Norris 2015)
and extremely metal-poor (EMP; [Fe/H] < −3.0) stars
in the Galactic halo (e.g., Cayrel et al. 2004; Roederer
et al. 2014b), and now number on the order of 25 stars.
The remarkable agreement between the r -process-
element pattern observed in r -II stars and the Solar
System suggests that either the r -process elements were
well-mixed into the interstellar medium, or more likely,
that the production of r -process elements resulted from
the contribution by a unique astrophysical site in the
early Galaxy. Furthermore, suggestions that the r -
process enhancement in stars could be the result of pe-
culiarities in the atmospheres of evolved stars or associ-
ated with mass-transfer binaries have been disproven as
a result of (i) The identification of r -process-enhanced
stars in essentially all stages of stellar evolution (Roed-
erer et al. 2014a) and (ii) The binary frequency of such
stars revealed by long-term radial-velocity monitoring
(18 ± 6 %; Hansen et al. 2015) being similar to the fre-
quency of other halo stars lacking this signature (16 ±
4 %; Carney et al. 2003).
The identification of r -II stars requires high-resolution
spectroscopy. Among the ∼25 r -II stars with published
analyses (Suda et al. 2008; Frebel 2010), the abundances
of both thorium and uranium could only be measured in
three cases (CS 31082-001; Hill et al. 2002, HE 1523-
0901; Frebel et al. 2007, and CS 29497-004; Hill et al.
2016). The star BD+17◦3248 ([Eu/Fe] = +0.9; Cowan
et al. 2002) is considered by the authors to have a tenta-
tive U detection. A higher quality spectrum of this star
is needed to better constrain the U abundance. The
abundances of radioactive isotopes of elements such as
Th and U can also place constraints on the age of the
Universe, and be used to validate their early production,
within the first ∼0.5-1.5 Gyr following the Big Bang.
Age estimates are obtained by application of the nucleo-
chronometry technique, pioneered for metal-poor stars
by Butcher (1987), using theoretical production ratios
and abundance ratios of stable r -process elements and
radioactive isotopes (e.g., 232Th, half-life 14.0 Gyr, and
238U, half-life 4.5 Gyr). In the case that both U and Th
are measured in the star, the U/Th chronometer pair
can be used (Cayrel et al. 2001; Hill et al. 2002, 2016).
In this paper we report the discovery of the r -II star
RAVE J203843.2−002333 (hereafter RAVE J2038−0023;
[Fe/H]= −2.91), the fourth low-metallicity star where
abundances of both Th and U could be confidently
1 [A/B] = log(NA/NB)?− log(NA/NB), where N is the num-
ber density of atoms of a given element in the star (?) and the Sun
(), respectively.
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Table 1. Observational Data
RAVE J2038−0023 Mayall Magellan 2014 Magellan 2016 RAVE
α (J2000) 20:38:43.2 Date 2014 09 15 2014 09 25 2016 04 16 · · ·
δ (J2000) −00:23:33 UT 02:19:52 04:17:03 08:46:14 · · ·
V (mag) 12.73 Exptime (s) 600 900 5,400 · · ·
B − V 0.99 R 2,000 38,000 66,000 8,000
g (mag) 13.32 Vr(km/s) −332.9 −321.7 −321.6 −319.6
g − r 0.87 S/N (3860A˚) 50 30 100 · · ·
J (mag) 10.73 S/N (4550A˚) 80 90 220 · · ·
J −K 0.41 S/N (7900A˚) · · · 150 · · · · · ·
measured. This star was originally selected as a bright
(V = 12.7) VMP candidate from the RAVE (RAdial
Velocity Experiment; Steinmetz et al. 2006) fourth data
release (DR4; Kordopatis et al. 2013)2, and medium-
resolution spectroscopy with the KPNO/Mayall tele-
scope revealed that this target is indeed a low-metallicity
giant without carbon enhancement. Subsequent high-
resolution follow-up with the MIKE spectrograph on
the Magellan/Clay Telescope confirmed the presence of
enhancements in r -process elements, such as Ba, Eu,
Th, and U, which are reported here.
This paper is outlined as follows. Section 2 describes
the target selection for the medium-resolution spectro-
scopic investigation and the high-resolution follow-up
observations, followed by the determinations of the stel-
lar parameters in Section 3. Section 4 provides details
on the abundance determinations. Section 5 discusses
the r -process abundance pattern of RAVE J2038−0023
compared with other r -II stars, including those with
previously detected U, and obtains age estimates for
RAVE J2038−0023 based on selected chronometry
pairs. Our conclusions and a brief discussion are pro-
vided in Section 6.
2. TARGET SELECTION AND OBSERVATIONS
RAVE J2038−0023 was selected as a metal-poor can-
didate star from RAVE DR4, part of a sub-sample with
4500 < Teff < 5750 and [Fe/H] < −1.8. These tar-
gets were then followed up with medium-resolution spec-
troscopy on a variety of telescopes, in order to validate
their atmospheric parameters and obtain carbon abun-
dance estimates. High-resolution spectroscopic follow-
2 A later data release, DR5 (Kunder et al. 2017), published
after the analysis presented in the present work, provides refined
parameter estimates.
up was then carried out for the most interesting candi-
dates. The full description of the target selection and
spectroscopic follow-up will be provided in a forthcom-
ing paper.
2.1. Medium-Resolution Spectroscopy
Medium-resolution spectroscopic follow-up was car-
ried out with the Mayall 4-m Telescope at Kitt Peak
National Observatory. The observations were obtained
in semester 2014B, using the R-C spectrograph, with the
KPC007 grating (632 l mm−1), the blue setting, a 1.′′0
slit, and covering the wavelength range [3500,6000] A˚.
This combination yielded a resolving power of R ∼
1, 600, and signal-to-noise ratio S/N ∼ 80 per pixel at
4550 A˚. The calibration frames included FeAr expo-
sures (taken following the science observation), quartz-
lamp flat-fields, and bias frames. All reduction tasks
were performed using standard IRAF3 packages. Table
1 lists details of the observations from RAVE, and also
the medium- and high-resolution spectroscopic follow-
ups.
2.2. High-Resolution Spectroscopy
High-resolution spectroscopic data were obtained dur-
ing the 2014B and 2016A semesters, using the Magellan
Inamori Kyocera Echelle (MIKE; Bernstein et al. 2003)
spectrograph on the Magellan/Clay Telescope at Las
Campanas Observatory. For the 2014B run, the ob-
serving setup included a 0.′′7 slit with 2 × 2 on-chip
binning, yielding a resolving power of R ∼ 38, 000 (blue
spectral range) and R ∼ 30, 000 (red spectral range),
measured from the arc lamp spectral features. The
S/N at 4550 A˚ is ∼90. MIKE spectra have nearly full
optical wavelength coverage ([∼3500,9000] A˚). For the
3 http://iraf.noao.edu.
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Figure 1. Selected regions of the spectrum of RAVE J2038−0023, compared with the r -II stars HE 1523−0901 (Frebel et al.
2007) and CS 22892−052 (Roederer et al. 2014b). The upper and middle panels show regions where absorption features of Fe, Mg,
and neutron-capture elements are present. The lower panel shows the CH G-band, used for carbon abundance determinations.
2016A run, the observations were carried out using
the 0.′′35 slit with 2 × 2 on-chip binning, yielding a
resolving power of R ∼ 66, 000. The S/N at 3860 A˚
(close to the U spectral feature) is ∼100, and ∼220 at
4550 A˚ (near a prominent Ba II feature). The data were
reduced using the data reduction pipeline developed
for MIKE spectra, described by Kelson (2003)4. Fig-
ure 1 shows the spectrum of RAVE J2038−0023, com-
pared with the r -II stars HE 1523−0901 (Teff=4630 K,
4 http://code.obs.carnegiescience.edu/python
[Fe/H]=−2.95, and [Eu/Fe]=+1.81; Frebel et al. 2007)
and CS 22892−052 (Teff=4690 K, [Fe/H]=−3.24, and
[Eu/Fe]=+1.35; Roederer et al. 2014b), in regions where
absorption features of neutron-capture elements are
present (upper and middle panels), as well as in the re-
gion of the molecular CH G-band feature (lower panel).
3. STELLAR PARAMETERS
3.1. Medium-Resolution Spectrum
The stellar atmospheric parameters (Teff , log g, and
[Fe/H]), and the carbon abundance from the medium-
resolution spectrum were obtained using the n-SSPP,
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a modified version of the SEGUE Stellar Parameter
Pipeline (SSPP; Lee et al. 2008a,b, 2013). The values
for Teff , log g, and [Fe/H], determined from photome-
try, line-indices, and matching with a synthetic spectral
library (see Beers et al. 2014, for further details), were
used as first estimates for the high-resolution analysis.
Results are listed in Table 2.
3.2. High-Resolution Spectra
From the high-resolution MIKE spectrum, we de-
termined the stellar parameters spectroscopically (see
details below), using the SMH software developed by
Casey (2014). Equivalent-width measurements were ob-
tained by fitting Gaussian profiles to the observed ab-
sorption lines within SMH. Table 3 lists the lines used
in this work, their measured equivalent widths, and the
derived abundance from each line. We employed one-
dimensional plane-parallel model atmospheres with no
overshooting (Castelli & Kurucz 2004), computed un-
der the assumption of local thermodynamic equilibrium
(LTE).
Table 2. Derived Stellar Parameters for RAVE J2038−0023
Teff (K) log g(cgs) [Fe/H] ξ(km/s)
RAVE (DR4) 4315 (105) 0.82 (0.40) −2.17 (0.10) · · ·
RAVE (DR5) 4502 (51) 1.18 (0.21) −2.60 (0.14) · · ·
RAVE-on 4801 (82) 1.49 (0.15) −2.74 (0.07) · · ·
KPNO 4655 (150) 0.85 (0.35) −3.10 (0.20) · · ·
Magellan 4630 (100) 1.20 (0.20) −2.91 (0.10) 2.15 (0.20)
The effective temperature of RAVE J2038−0023 was
determined by minimizing trends between the abun-
dances of 202 Fe I lines and their excitation potentials,
and applying the temperature correction to the pho-
tometric scale suggested by Frebel et al. (2013). The
microturbulent velocity was determined by minimizing
the trend between the abundances of Fe I lines and
their reduced equivalent widths. The surface gravity
was determined from the balance of the two ionization
stages of iron, Fe I and Fe II. RAVE J2038−0023 also
had its stellar atmospheric parameters determined from
the moderate-resolution (R ∼ 8, 000) RAVE spectrum
by Kordopatis et al. (2013). These values, together
with our determinations from the medium- and high-
resolution spectra, are listed in Table 2. For complete-
ness, we also include the parameters from the most re-
cent release, RAVE DR5 (Kunder et al. 2017), and also
from the RAVE-on catalog (Casey et al. 2016).
There is very good agreement between the effective
temperatures derived from the medium- and high-
resolution spectra used in this work; the RAVE DR5
value is less than ∼150 K cooler. The surface gravities
are all within 1σ, and the high-resolution and RAVE
DR5 log g values are nearly identical. The surface grav-
ity estimates from RAVE DR4 and KPNO (log g =
0.82 and 0.85 respectively) are expected to be similar,
as both of these estimates come from isochrone match-
ing, while the high-resolution estimate (log g = 1.20)
was determined spectroscopically. The [Fe/H] estimate
from RAVE DR4 appear significantly higher than those
reported from RAVE DR5 and the medium- and high-
resolution results; the latter two of which are in good
agreement with one another. The RAVE-on metallicity
is in better agreement with our high-resolution estimate
than either DR4 or DR5 from RAVE. However, de-
spite the RAVE-on result having a reduced chi-squared
value of 0.63, this star was excluded from the RAVE-
on release because the RAVE pre-processing pipeline,
SPARV, flagged RAVE J2038−0023 as being a star with
much higher temperature (Teff>10,000 K).
4. CHEMICAL ABUNDANCES
Chemical abundances for RAVE J2038−0023 were cal-
culated by equivalent-width analysis and spectral syn-
thesis, using the MOOG code (July 2014 version; Sne-
den 1973), which includes a proper treatment of scat-
tering (see Sobeck et al. 2011, for details). The set of
atmospheric parameters used for the abundance analy-
sis is the one derived from the Magellan spectra. Ta-
bles 3 and 4 list the derived abundances for individual
lines for light elements (C–Zn) and neutron-capture el-
ements (Sr–U), respectively. The excitation potentials
and oscillator strengths for the lines employed are taken
from a variety of sources, including the compilations of
Aoki et al. (2002), Barklem et al. (2005), and Roederer
et al. (2012), as well as from the VALD database (Kupka
et al. 1999) and the National Institute of Standards and
Technology Atomic Spectra Database (NIST; Kramida
et al. 2013). Elemental-abundance ratios, [X/Fe], are
calculated adopting solar photospheric abundances from
Asplund et al. (2009). The average abundances for 39
elements, derived from the Magellan/MIKE spectra, are
listed in Table 5. The σ values are the standard devia-
tion and the σ are the standard error of the mean. For
elements where σ is lower than 0.10, we adopt a fixed
value of 0.10 (see discussion in Section 4.6 of Placco et al.
2013).
Uncertainties in the abundance determinations, as
well as the systematic uncertainties due to changes in the
atmospheric parameters, were treated using the same
6 Placco et al.
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Figure 2. Observed spectra (squares) and synthesis (lines) for varying abundances of Sr II (left panel), Ba II (middle panel),
and Yb II (right panel).
procedures described in Placco et al. (2013, 2015). Table
6 shows the changes in the derived chemical abundances
due to variations (within the quoted uncertainties) in
each atmospheric parameter. Also listed is the total
uncertainty, calculated from the quadratic sum of the
individual estimates. This calculation used only spec-
tral features with abundances determined by equivalent-
width analysis. The variations are +100 K for Teff ,
+0.2 dex for log g, and +0.2 km s−1 for ξ.
4.1. C to Zn
The carbon abundance for RAVE J2038−0023 was de-
rived from the CH molecular feature at λ4313 ([C/Fe]
= −0.44). Since this star is on the upper red-giant
branch, the measured carbon abundance does not re-
flect the chemical composition of its natal gas cloud.
Using the procedure described in Placco et al. (2014a),
we determined that the expected carbon depletion due
to CN processing for RAVE J2038−0023 is 0.67 dex.
Taking this into account, the corrected value for the
carbon abundance is [C/Fe] = +0.23. Abundances of
Na, Mg, Al, Si, Ca, Sc, Ti, V, Cr, Mn, Co, Ni, and Zn
were determined by equivalent-width analysis and spec-
tral synthesis. Individual line determinations are listed
in Table 3, and final abundances are provided in Table
5.
4.2. Neutron-Capture Elements
The chemical abundances for the neutron-capture ele-
ments were determined via spectral synthesis performed
using MOOG. The results for individual lines are given
in Table 4. Below we provide details on these measure-
ments. Note that the uncertainty on individual synthe-
sis measurements is typically set as ±0.2 dex, as the
measured abundance is well-bound between these limits
(see, e.g., Figure 2).
Strontium, Yttrium, Zirconium—These three elements
belong to the first r -process peak, and are often at-
tributed to the weak r -process (Wanajo & Ishimaru
2006). Their abundances are mostly determined from
absorption lines in blue spectral regions, which can be af-
fected by the presence of carbon features in CEMP stars,
which does not apply to our current analysis. Siqueira
Mello et al. (2014) have contrasted the behavior of these
elements in r -I and r -II stars, finding that they are gen-
erally more enhanced in r -I stars, and suggested the
possible existence of different nucleosynthesis pathways
for these two sub-classes of r -process-enhanced stars.
The Sr λ4077 is saturated, but λ4215 could be suc-
cessfully synthesized. The Sr line at λ4161 is a much
weaker feature, and yields a slightly higher abundance
than the λ4215 line. The left panel of Figure 2 shows the
spectral synthesis of the Sr λ4215 line for three different
abundances, and also for the absence of Sr.
The Y λ4398, λ4682, λ4883, and λ4900 lines are
strong, well-isolated, and unsaturated. The feature at
λ4982 is weak, but its abundance agrees well with the
other four features.
Although most features of Zr are weak in the spectrum
of RAVE J2038−0023, they are of sufficient strength to
extract an abundance estimate from spectral synthesis;
a total of six Zr features were used.
The final adopted abundances for the first peak el-
ements are [Sr/Fe] = +0.54, [Y/Fe] = +0.21, and
[Zr/Fe] = +0.70.
Barium, Lanthanum—These elements constitute the sec-
ond r -process peak. The Ba lines on the blue spec-
tral range were mostly saturated, so only the three
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Figure 3. Observed spectra (squares) and synthesis (lines) for varying isotopic ratios of Eu II (left panel), and varying
abundances of Eu II (middle panel), and Pb I (right panel).
lines at λ5853, λ6141, and λ6496 were used to deter-
mine the overall Ba abundance. Hyperfine splitting
was accounted for in the spectral synthesis. The mid-
dle panel of Figure 2 shows the spectral synthesis of
the Ba λ5853 line for three different abundances, and
also for the absence of Ba. r -process isotopic fractions
derived from solar abundances (Arlandini et al. 1999).
These approximate the isotopic splitting of barium in
RAVE J2038−0023 in order to produce a more accurate
synthetic fit.
Six lines of La II were identified, and their derived
abundances agree within 0.3 dex.
Final abundances of the second-peak elements are
[Ba/Fe] = +0.83 and [La/Fe] = +1.05.
Cerium, Praseodymium, Neodymium, Samarium—A to-
tal of twelve Ce II lines were used to determine the
abundance of cerium, more features than for any other
neutron-capture element in RAVE J2038−0023. All Ce
lines agree with the adopted abundance of [Ce/Fe] =
+0.98 within 0.2 dex.
Seven strong praseodymium lines were used to find
the Pr II abundance. There are two Pr II lines near the
wings of the wide Ca II H feature at λ3968, but abun-
dances derived from these lines still agree with the final
abundance of [Pr/Fe] = +1.30. Similarly, the feature
at λ4179 shows a blend with Nd II, but still agrees well
with the adopted abundance.
There are many strong lines of neodymium, but sev-
eral are blended with absorption features of other el-
ements. In total, eleven Nd II features were used to
determine the final abundance [Nd/Fe] = +1.30.
Five strong lines of samarium were used to determine
the Sm II abundance. Although some lines showed a
blend with other elements, all were taken into account,
and the derived abundances agree with the final abun-
dance [Sm/Fe] = +1.42 within 0.2 dex.
Europium—There are six europium lines with good
agreement in their derived abundances, yielding an av-
erage [Eu/Fe] = +1.64. The middle panel of Figure 3
shows the spectral syntheses of the Eu λ4129 line for
three different abundances, and also for the absence of
Eu. Similarly to Ba, the strong lines of Eu are sensitive
to hyperfine splitting between the isotopes 151Eu and
153Eu. With high-resolution spectroscopy, this splitting
has to be accounted for in spectral synthesis in order to
fit the Eu II absorption features and measure the abun-
dance. An isotopic ratio of 151Eu/153Eu = 0.902 (from
solar r -process residuals; Arlandini et al. 1999) was used
to approximate the effect of hyperfine splitting on the
Eu II absorption features. For example, the left panel of
Figure 3 shows the effect of varying the isotopic fraction
151Eu/153Eu at constant overall log (Eu) abundance.
Clearly, only considering one isotope of Eu is not suf-
ficient to describe the line shape. However the specific
isotopic fraction cannot be measured this way. We only
used it to calculate the Eu II abundance.
Gadolinium, Terbium, Dysprosium, Holmium, Erbium—
Gadolinium features are often blended with neighbor-
ing lines or are located in the wings of strong hydrogen
features, making their abundance measurements diffi-
cult. Still, all nine features agree within 0.2 dex of the
adopted value of [Gd/Fe] = +1.47.
Five lines of terbium were used to estimate the Tb II
abundance. The three Tb II lines at λ3702, λ3747, and
λ3848 are blended with other features. However, two
clean features at λ3874 and λ4002 yield similar abun-
dances as those derived from the other three lines. The
final adopted abundance is [Tb/Fe] = +1.38.
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The dysprosium abundances derived from eight Dy II
absorption features show a spread of 0.24 dex, yield-
ing abundances around either log  (Dy) = −0.42 or
log  (Dy) = −0.25. The final abundance is taken to
be [Dy/Fe] = +1.48 by averaging all eight lines.
Three features of holmium were used to estimate its
abundance. The Ho II lines at λ3810 and λ3890 in par-
ticular are blended with Fe features. However, since the
estimates for the three lines agree within less than 0.1
dex, all were used for determining the final abundance,
[Ho/Fe] = +1.40.
The abundance of erbium was estimated from seven
Er II lines, all agreeing to within 0.2 dex of the adopted
value, [Er/Fe] = +1.60.
Thulium, Ytterbium, Lutetium, Hafnium—Many Tm II
features are found in the blue (λ < 4000 A˚) region of
the spectrum. Five lines were used, and their estimates
are in good agreement, yielding [Tm/Fe] = +1.60.
Only one strong Yb II line can be measured in the
spectrum of RAVE J2038−0023. It neighbors a blended
Fe-Ni feature to the blue. Regardless, the line at λ3694
was sufficiently strong to measure a ytterbium abun-
dance with confidence ([Yb/Fe] = +1.56). The right
panel of Figure 2 shows the spectral synthesis of the
Yb λ3694 line for three different abundances, and also
for the absence of Yb. Since the Yb II feature is well-
described within a ±0.2 dex variation from the adopted
values, an uncertainty of ±0.2 dex is assigned to the
Yb II abundance.
Similarly, only two Lu II lines could be accurately fit
with spectral synthesis. Both lines appear far in the
blue, around 3500 A˚, near the edge of the spectrum. The
line at λ3472 appears blueward of a strong Ni I feature,
so the line was fit by analyzing the asymmetry of the
blended feature and fitting the blue wing. The line at
λ3507 is blended with an iron feature, but its synthetic
abundance agrees with that of the line at λ3472 A˚, yield-
ing a lutetium abundance of [Lu/Fe] = +1.39.
Four hafnium lines were used to etimate the final
abundance of Hf II. The cleanest feature at λ3719
yielded the highest abundance, log  (Hf) = −0.5. The
two features at λ3793 and 3918 are uncertain, but agree
with each other. The feature at λ4093 has the lowest
derived abundance, log  (Hf) = −0.79. The adopted
hafnium abundance, from an average of all four lines, is
[Hf/Fe] = +1.40.
Osmium and Iridium—Osmium and iridium represent
the third r -process peak.
Three lines of Os I were used. The individual abun-
dances calculated from these lines disagree (range of 0.45
dex), but it is still clear that the features are present.
We obtain a final estimate of [Os/Fe] = +1.60 by aver-
aging the three individual measurements.
Only the line at λ3800 could be used to estimate the
iridium abundance. This feature appears in a crowded
part of the spectrum, but the line is unblended, and
could be well-fit by spectral synthesis. The adopted
abundance of Ir I from this line is [Ir/Fe] = +1.51.
Lead—This third-peak element is typically largely pro-
duced by the s-process (Travaglio et al. 2001) in metal-
poor stars. However, since RAVE J2038−0023 exhibits
no s-process enhancement, and its neutron-capture ele-
ments likely result from only r -process events, the pres-
ence of Pb in RAVE J2038−0023 is not indicative of
s-process enrichment. Rather, Wanajo et al. (2002) call
attention to the importance of the third-peak element
Pb for understanding the nature of the r -process, since
it is mainly synthesized by the same α-decay chains as
Th and U.
Only the line at λ4057 was used to obtain the Pb I
abundance. The right panel of Figure 3 shows the spec-
tral synthesis of this line for three different abundances,
and also for the absence of Pb. The final abundance is
[Pb/Fe] = +1.06.
Thorium and Uranium—Thorium and uranium are ra-
dioactive actinides, and the heaviest observable elements
in a stellar spectrum. These can only be synthesized in
an r -process event. Furthermore, their presence allow
the calculation of stellar ages (see Section 5.2).
Three lines of Th II were used to determine the final
abundance. The feature at λ4019 (right panel of Fig-
ure 4) is the strongest, and blended with CH, Ni, and
Pr features, which were accounted for in the synthesis.
The other two Th features at λ4086 and λ4094 agree
well with the adopted abundance, [Th/Fe] = +1.65.
Only one U II feature could be measured with ac-
curacy. The λ3859 line appears at the far edge of a
strong iron line, between a Nd II and a CN feature. Af-
ter the abundances of neodymium and carbon are well-
determined, the uranium feature was fit, and an abun-
dance of [U/Fe] = +1.31 fits the data most accurately
(see left and middle panels of Figure 4). From inspec-
tion of this figure, it is clear that a higher S/N spectrum
would be useful to better constrain this determination.
5. DISCUSSION
5.1. Heavy-Element Pattern for RAVE J2038−0023
The top panel of Figure 5 compares the measured
neutron-capture elemental-abundance pattern with the
scaled Solar System r -process pattern, normalized to the
Eu abundance. The abundances of RAVE J2038−0023
agree well, and deviations from the Solar System r -
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Figure 4. Observed spectra (squares) and synthesis (lines) of varying abundances of U II λ3859 (left and middle panels) and
Th II λ4019 (right panel).
process pattern (shown in the middle panel of Figure 5,
normalized to Eu) indicate a suppression in the first r -
process peak (elements Sr, Y, and Zr).
The first-peak elements are of particular interest, as
they have been suggested by Siqueira Mello et al. (2014)
and others to be associated with production by the
weak, rather than the main, r -process (perhaps by
neutrino-driven winds in core-collapse SNe - Arcones
et al. 2007; Wanajo 2007; Arcones & Thielemann 2013).
The slight under-abundance of the first-peak elements
in RAVE J2038−0023 may support the argument for
multiple r -process sites in which a weak r -process ef-
ficiently produces first-peak neutron-capture elements,
but cannot robustly synthesize elements beyond the sec-
ond peak. Furthermore, Siqueira Mello et al. (2014)
have also presented evidence that the first-peak elements
for moderately r -process-enhanced (r -I) stars generally
exceed the levels found for r -II stars, and that this may
indicate the operation of different nucleosynthesis path-
ways for these classes of stars.
Among the heaviest stable neutron-capture elements,
it is worth noting that Pb is most discrepant from
the scaled Solar System r -process pattern, for both
RAVE J2038−0023 and CS 29407004. This is due
to the fact the the solar r -process pattern is derived
from subtracting the s-process component of the to-
tal solar abundance pattern. The s-process at higher
metallicity produces less Pb compared to other neutron-
capture elements. This leads to an overestimated r -
process Pb contribution when comparing a scaled so-
lar r-process pattern and a low-metallicity star, as seen
in Figure 5. For a more accurate comparison, a “low-
metallicity” solar-process pattern would have to be de-
rived. RAVE J2038−0023 has a [Pb/Eu]= −0.68, which
is consistent with the production by the r -process at low
metallicities (see Roederer et al. 2010 and Figure 15 of
Placco et al. 2013).
The bottom panel of Figure 5 compares the resid-
ual abundances of four other r -II stars with reported
measurements (and upper limits) of U. Although there
appears to be some small differences in the derived
abundances between the U stars, their patterns largely
agree within the uncertainties. Even among the r -II
stars, there appears to be some real scatter in the first-
peak elements Sr, Y, and Zr, with RAVE J2038−0023
being generally lower than the other U stars. For
Th and U, RAVE J2038−0023 appears commensurate
with CS 29407−004 and HE 1523−0901, which are
not actinide-boost5 stars, and all three are lower than
the one U star known to exhibit an actinide boost,
CS 31082−001. The actinide boost has also been rec-
ognized in HE 1219−0312, another r -II star with mea-
surable Th, but lacking a detectable uranium feature
(Barklem et al. 2005), given its faint magnitude. The
over-abundance of the actinides in some r -II stars might
suggest different r -process formation scenarios involving
one or multiple r -process from sources, such as a high-
entropy wind from SNII and the ejecta from neutron
star mergers (see Mashonkina et al. 2010, for further
details).
5.2. Age Determinations
The presence of radioactive elements Th and U in
RAVE J2038−0023 allows for the determination of the
star’s age (or more correctly, the time that has passed
since the production of these elements) through radioac-
5 stars with enhancements in Th and U abundance ratios rela-
tive to the rare earth elements (Schatz et al. 2002; Roederer et al.
2009).
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Figure 5. Top: Full neutron-capture elemental-abundance pattern for RAVE J2038−0023 compared with the Solar System
r -process component (Arlandini et al. 1999), normalized to Eu. Middle: Difference between RAVE J2038−0023 abundances
and the Solar System r -process component, normalized to Eu. Bottom: Same as middle panel, for the stars: CS 22892−052
(Sneden et al. 2008), CS 29497−004 (Hill et al. 2016), CS 31082−001 (Hill et al. 2002), and HE 1523−0901 (Frebel et al. 2007).
tive decay dating. Radioactive decay ages are estimated
by measuring the relative abundances of long-lived ra-
dioactive elements (i.e., 232Th: t1/2 = 14.0 Gyr, and
238U: t1/2 = 4.5 Gyr) to stable elements (i.e., the ratios
Th/X and U/X, where X is a stable element) or the ratio
between the radioactive elements themselves (Th/U).
To make use of radioactive decay dating, a set of ini-
tial production ratios (PRs: Th/X0, U/X0, and Th/U0)
must be estimated. For the present work, we use
PRs from (i) the r -process waiting-point calculations of
Schatz et al. (2002) and from (ii) Hill et al. (2016) based
on the high-entropy wind model of Farouqi et al. (2010).
With PRs in hand, the ages t are calculated as follows:
t = 46.67 Gyr [log  (Th/X)0 − log  (Th/X)obs] , (1)
t = 14.84 Gyr [log  (U/X)0 − log  (U/X)obs] , (2)
and
t = 21.80 Gyr [log  (U/Th)0 − log  (U/Th)obs] , (3)
where log  (Th/X)0 is the initial PR corresponding to
element formation at t = 0, and log  (Th/X)obs is the
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Figure 6. Radioactive-decay ages using PRs from Hill et al. (2016) for U/X (blue, solid, circles) and Th/X (green, dashed,
squares). The solid horizontal line marks the mean age for RAVE J2038−0023 (see text for details), the shaded area represents
its uncertainty, and the dashed horizontal line is the age of the Universe (Planck Collaboration et al. 2016). Also shown on
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observed ratio after the radioactive elements Th and U
have decayed for a time t. The half-lives of Th and U
are contained in the constant. Table 7 lists the PRs used
in the above equations and the ages derived from these
abundance ratios. The calculated U/X and Th/X ages
using the PRs from Hill et al. (2016) are shown in Figure
6. The solid horizontal line marks the mean age for
RAVE J2038−0023 (see details below), and the dashed
horizontal line is the age of the Universe, determined by
the Planck mission (Planck Collaboration et al. 2016).
Arithmetic means were taken for all four sets of ages:
U/X and Th/X, each using the two different sets of PRs
described above. All U/X and Th/X ages agree within
2σ of their arithmetic means except for ages calculated
from Hf ratios in the Schatz et al. (2002) model (see
Table 7). The small uncertainty on the Hf abundance
suggests that the discrepancy between X/Hf and other
ages is driven by the predicted production ratio for this
chronometer pair by both r -process models considered
above. The same inconsistency of X/Hf ages was also
noticed by Hill et al. (2016) in their analysis of the U
star CS 29497−004.
The uncertainties in Table 7 reflect only the prop-
agated error from the abundance measurement uncer-
tainty; systematic errors from the model atmosphere
parameters as well as uncertainties from the r -process
models considered here were not included. Since only
one U II feature could be measured, the uncertainty as-
sociated with the U II abundance is set to 0.2 dex. The
syntheses in Figure 4 show the best-fit abundance as
well as ±0.2 dex from the best fit. Since the feature is
well-described within these limits, an uncertainty of 0.2
dex is suitable for the uranium abundance.
Although the uncertainty on the uranium abundance
is larger than that of thorium (0.2 and 0.04 dex, respec-
tively), the individual U/X ages vary much less than the
Th/X ages. This apparent contradiction results primar-
ily from the longer half-life of 232Th (and therefore the
larger constant in Equation 1), causing Th/X ages to be
much more sensitive to variations on the measured Th/X
abundance ratios. On the other hand, U/X ages—albeit
carrying large uncertainties—agree with the expected
ages of VMP/EMP stars.
From Figure 6, it is interesting to note that the ages
calculated for Ba, Eu, Gd, and Er, using both Th/X and
U/X ratios, agree with each other and with the Th/U
age of 13.4 Gyr, using the PRs of Hill et al. (2016).
The mean age for Th/X, using Ba, Eu, Gd, and Er, is
12.7 ± 1.6 Gyr, while the mean age for U/X with the
same four elements is 13.2 ± 1.5 Gyr. The fact that
these elements present a much smaller scatter between
the Th/X and U/X ratios suggests that these are more
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likely to represent a realistic age for RAVE J2038−0023.
Then, by averaging Th/X and U/X ratios for Ba, Eu,
Gd, and Er, and Th/U (with PRs from Hill et al. 2016),
we adopt an age of 13.0±1.1 Gyr for RAVE J2038−0023.
6. CONCLUSIONS
We have presented results for the first r -II star discov-
ered from the RAVE survey, RAVE J2038−0023, and
only the fourth r -II star with measured Th and U. This
star was first identified as a metal-poor candidate from
the RAVE DR4, and then followed-up with medium-
and high-resolution spectroscopy with the Mayall and
Magellan telescopes, respectively.
A detailed high-resolution abundance analysis reveals
that the chemical abundance pattern of RAVE J2038−0023
nearly duplicates the scaled Solar System r -process pat-
tern, similar to the other three known U stars and
other r -II stars. With measured abundances for the
actinides thorium and uranium, we were able to de-
termine radioactive-decay ages for RAVE J2038−0023
from Th/X and U/X abundance ratios, using initial
production ratios from an r -process high-entropy wind
model. The estimated age for RAVE J2038−0023
(13.0±1.1 Gyr) is consistent with expectations for the
epoch in which VMP/EMP stars formed. We note that
the yields of a neutron star merger r-process may differ
from the standard scenarios considered here. We plan
to update our age estimates as realistic yields from these
events become available.
We are presently extending our effort to identify large
numbers of r -II (and r -I) stars, based on medium-
resolution spectroscopy of a large number (∼ 2000 −
2500) of bright targets with [Fe/H] < −2.0 from a num-
ber of sources, in addition to RAVE. High-resolution
spectroscopic follow-up of these targets, already under-
way, should identify on the order of 75 new r -II (and 350
new r -I) stars. This would provide a sufficiently large
sample to carry out detailed tests of the likely astrophys-
ical site(s) of the production of the r -process elements
in the early Galaxy, and tests of the association of r -II
(and r -I) stars in the field with particular environments,
such as the ultra-faint and canonical dwarf galaxies in
which similar stars have been previously identified (see
Hansen et al. 2017, and references therein).
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Table 3. Equivalent-Width Measurements for
RAVE J2038−0023
Ion λ χ log gf W log  (X)
(A˚) (eV) (mA˚)
Na I 5889.950 0.00 0.108 171.69 3.72
Mg I 3829.355 2.71 −0.208 153.47 5.08
Mg I 3832.304 2.71 0.270 192.31 4.97
Mg I 3986.753 4.35 −1.030 21.60 5.10
Mg I 4057.505 4.35 −0.890 23.68 5.00
Mg I 4167.271 4.35 −0.710 35.18 5.05
Mg I 4571.096 0.00 −5.688 62.43 5.13
Mg I 4702.990 4.33 −0.380 60.66 5.02
Mg I 5172.684 2.71 −0.450 182.51 5.04
Mg I 5183.604 2.72 −0.239 208.96 5.08
Mg I 5528.405 4.34 −0.498 60.46 5.06
Al I 3961.520 0.01 −0.340 122.10 3.09
Si I 3905.523 1.91 −1.092 192.86 5.17
Si I 4102.936 1.91 −3.140 74.50 5.21
Ca I 4226.730 0.00 0.244 187.14 3.47
Ca I 4283.010 1.89 −0.224 36.01 3.51
Ca I 4318.650 1.89 −0.210 39.49 3.56
Ca I 4425.440 1.88 −0.358 30.44 3.50
Ca I 4455.890 1.90 −0.530 24.40 3.55
Ca I 5588.760 2.52 0.210 34.30 3.64
Ca I 5594.468 2.52 0.097 31.59 3.69
Ca I 5598.487 2.52 −0.087 20.71 3.63
Ca I 5857.450 2.93 0.230 15.88 3.65
Ca I 6102.720 1.88 −0.790 23.66 3.61
Ca I 6122.220 1.89 −0.315 52.46 3.67
Ca I 6162.170 1.90 −0.089 63.69 3.63
Ca I 6439.070 2.52 0.470 48.99 3.58
Sc II 4314.083 0.62 −0.100 87.86 0.27
Sc II 4324.998 0.59 −0.440 70.00 0.18
Sc II 4400.389 0.61 −0.540 63.60 0.17
Sc II 4415.544 0.59 −0.670 59.26 0.19
Sc II 5031.010 1.36 −0.400 28.79 0.23
Sc II 5526.785 1.77 0.020 24.65 0.17
Sc II 5657.907 1.51 −0.600 16.86 0.26
Sc II 6604.578 1.36 −1.310 5.94 0.21
Ti I 3989.760 0.02 −0.062 60.52 2.17
Ti I 3998.640 0.05 0.010 59.89 2.12
Ti I 4533.249 0.85 0.532 44.80 2.12
Ti I 4534.780 0.84 0.336 32.51 2.07
Ti I 4535.567 0.83 0.120 24.87 2.12
Ti I 4656.470 0.00 −1.289 12.26 2.12
Ti I 4681.910 0.05 −1.015 18.01 2.09
Ti I 4981.730 0.84 0.560 51.75 2.12
Ti I 4991.070 0.84 0.436 43.39 2.10
Ti I 4999.500 0.83 0.306 40.33 2.16
Table 3 continued
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Table 3 (continued)
Ion λ χ log gf W log  (X)
(A˚) (eV) (mA˚)
Ti I 5039.960 0.02 −1.130 17.85 2.12
Ti I 5210.390 0.05 −0.828 29.14 2.11
Ti II 3813.394 0.61 −2.020 59.03 2.19
Ti II 4025.120 0.61 −1.980 65.52 2.18
Ti II 4053.829 1.89 −1.210 26.32 2.19
Ti II 4161.527 1.08 −2.160 28.86 2.18
Ti II 4290.219 1.16 −0.930 84.74 2.11
Ti II 4300.049 1.18 −0.490 102.20 2.12
Ti II 4330.723 1.18 −2.060 30.50 2.20
Ti II 4337.914 1.08 −0.960 89.61 2.14
Ti II 4394.059 1.22 −1.780 44.15 2.21
Ti II 4395.031 1.08 −0.540 109.36 2.17
Ti II 4395.839 1.24 −1.930 31.59 2.15
Ti II 4399.765 1.24 −1.190 70.75 2.13
Ti II 4417.714 1.17 −1.190 74.65 2.12
Ti II 4418.331 1.24 −1.970 29.85 2.15
Ti II 4443.801 1.08 −0.720 102.84 2.15
Ti II 4444.554 1.12 −2.240 25.48 2.18
Ti II 4450.482 1.08 −1.520 62.62 2.09
Ti II 4464.448 1.16 −1.810 45.36 2.17
Ti II 4468.517 1.13 −0.600 107.79 2.20
Ti II 4470.853 1.17 −2.020 35.00 2.21
Ti II 4501.270 1.12 −0.770 98.75 2.13
Ti II 4533.960 1.24 −0.530 101.99 2.10
Ti II 4563.770 1.22 −0.960 89.70 2.21
Ti II 4571.971 1.57 −0.320 96.06 2.15
Ti II 4589.915 1.24 −1.790 43.05 2.19
Ti II 4657.200 1.24 −2.240 19.14 2.13
Ti II 4708.662 1.24 −2.340 18.37 2.20
Ti II 4779.979 2.05 −1.370 17.26 2.18
Ti II 4805.089 2.06 −1.100 27.86 2.18
Ti II 5129.156 1.89 −1.240 31.65 2.15
Ti II 5185.902 1.89 −1.490 22.26 2.19
Ti II 5336.786 1.58 −1.590 36.34 2.18
Ti II 5381.021 1.57 −1.920 21.86 2.19
Ti II 5418.768 1.58 −2.000 17.70 2.17
V II 3951.960 1.48 −0.784 30.75 1.28
V II 4035.622 1.79 −0.767 18.53 1.33
Cr I 3578.680 0.00 0.420 97.67 2.38
Cr I 4254.332 0.00 −0.114 108.51 2.45
Cr I 4274.800 0.00 −0.220 105.31 2.46
Cr I 4545.950 0.94 −1.370 8.53 2.38
Cr I 4600.752 1.00 −1.260 11.89 2.50
Cr I 4616.137 0.98 −1.190 13.15 2.45
Cr I 4626.188 0.97 −1.320 10.36 2.45
Cr I 4646.150 1.03 −0.740 27.92 2.46
Cr I 4651.280 0.98 −1.460 7.80 2.46
Cr I 4652.158 1.00 −1.030 15.28 2.39
Table 3 continued
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Table 3 (continued)
Ion λ χ log gf W log  (X)
(A˚) (eV) (mA˚)
Cr I 5206.040 0.94 0.020 82.59 2.49
Cr I 5296.690 0.98 −1.360 10.83 2.44
Cr I 5298.280 0.98 −1.140 17.81 2.47
Cr I 5345.800 1.00 −0.950 24.19 2.46
Cr I 5348.310 1.00 −1.210 13.40 2.42
Cr I 5409.770 1.03 −0.670 38.95 2.50
Mn I 4030.753 0.00 −0.480 98.98 1.98
Mn I 4033.062 0.00 −0.618 95.43 2.01
Mn I 4034.483 0.00 −0.811 89.39 2.03
Mn I 4041.357 2.11 0.285 23.28 2.02
Mn I 4754.048 2.28 −0.086 9.47 2.00
Mn I 4783.432 2.30 0.042 11.95 2.00
Mn I 4823.528 2.32 0.144 14.06 2.00
Fe I 3608.859 1.01 −0.090 149.26 4.48
Fe I 3767.192 1.01 −0.390 145.10 4.48
Fe I 3787.880 1.01 −0.838 125.95 4.60
Fe I 3815.840 1.48 0.237 155.99 4.49
Fe I 3840.438 0.99 −0.497 157.67 4.61
Fe I 3841.048 1.61 −0.044 132.50 4.58
Fe I 3845.169 2.42 −1.390 27.87 4.41
Fe I 3846.800 3.25 −0.020 52.97 4.60
Fe I 3849.967 1.01 −0.863 118.69 4.38
Fe I 3863.741 2.69 −1.430 18.18 4.51
Fe I 3865.523 1.01 −0.950 119.79 4.48
Fe I 3867.216 3.02 −0.450 42.76 4.51
Fe I 3885.510 2.42 −1.090 34.42 4.24
Fe I 3886.282 0.05 −1.080 179.35 4.55
Fe I 3895.656 0.11 −1.668 136.17 4.56
Fe I 3902.946 1.56 −0.442 119.56 4.62
Fe I 3920.258 0.12 −1.734 135.98 4.60
Fe I 3977.741 2.20 −1.120 66.77 4.68
Fe I 4001.661 2.18 −1.900 20.70 4.40
Fe I 4005.242 1.56 −0.583 114.09 4.56
Fe I 4007.272 2.76 −1.280 22.20 4.52
Fe I 4032.627 1.49 −2.380 36.85 4.40
Fe I 4044.609 2.83 −1.220 21.78 4.52
Fe I 4045.812 1.49 0.284 176.21 4.56
Fe I 4058.217 3.21 −1.110 12.93 4.58
Fe I 4062.441 2.85 −0.860 37.19 4.53
Fe I 4063.594 1.56 0.062 148.94 4.53
Fe I 4067.978 3.21 −0.470 31.54 4.45
Fe I 4070.769 3.24 −0.790 18.86 4.50
Fe I 4071.738 1.61 −0.008 146.48 4.62
Fe I 4073.763 3.27 −0.900 16.39 4.56
Fe I 4098.176 3.24 −0.880 18.97 4.58
Fe I 4114.445 2.83 −1.303 20.31 4.54
Fe I 4120.207 2.99 −1.270 16.12 4.58
Fe I 4121.802 2.83 −1.450 15.30 4.54
Table 3 continued
18 Placco et al.
Table 3 (continued)
Ion λ χ log gf W log  (X)
(A˚) (eV) (mA˚)
Fe I 4132.899 2.85 −1.010 24.62 4.38
Fe I 4134.678 2.83 −0.649 45.52 4.44
Fe I 4136.998 3.42 −0.450 24.65 4.51
Fe I 4139.927 0.99 −3.629 20.16 4.63
Fe I 4143.414 3.05 −0.200 52.61 4.40
Fe I 4143.868 1.56 −0.511 123.11 4.59
Fe I 4153.899 3.40 −0.320 26.19 4.39
Fe I 4154.498 2.83 −0.688 42.67 4.42
Fe I 4154.805 3.37 −0.400 25.64 4.42
Fe I 4156.799 2.83 −0.808 35.35 4.39
Fe I 4157.780 3.42 −0.403 23.58 4.42
Fe I 4158.793 3.43 −0.670 17.00 4.52
Fe I 4174.913 0.91 −2.938 54.65 4.55
Fe I 4181.755 2.83 −0.371 62.65 4.50
Fe I 4182.382 3.02 −1.180 15.52 4.49
Fe I 4184.892 2.83 −0.869 42.12 4.58
Fe I 4187.039 2.45 −0.514 81.84 4.61
Fe I 4187.795 2.42 −0.510 81.71 4.57
Fe I 4191.430 2.47 −0.666 65.71 4.42
Fe I 4195.329 3.33 −0.492 24.83 4.43
Fe I 4199.095 3.05 0.156 74.15 4.50
Fe I 4202.029 1.49 −0.689 115.75 4.48
Fe I 4217.545 3.43 −0.484 22.96 4.49
Fe I 4222.213 2.45 −0.914 59.17 4.48
Fe I 4227.427 3.33 0.266 65.76 4.52
Fe I 4233.603 2.48 −0.579 73.99 4.50
Fe I 4238.810 3.40 −0.233 35.90 4.49
Fe I 4250.119 2.47 −0.380 83.66 4.51
Fe I 4250.787 1.56 −0.713 119.93 4.65
Fe I 4260.474 2.40 0.077 109.20 4.56
Fe I 4271.154 2.45 −0.337 91.65 4.62
Fe I 4271.760 1.49 −0.173 145.53 4.51
Fe I 4325.762 1.61 0.006 149.85 4.52
Fe I 4337.046 1.56 −1.695 75.15 4.48
Fe I 4352.735 2.22 −1.290 56.59 4.49
Fe I 4375.930 0.00 −3.005 109.99 4.70
Fe I 4383.545 1.48 0.200 177.72 4.49
Fe I 4388.407 3.60 −0.681 11.49 4.49
Fe I 4404.750 1.56 −0.147 155.74 4.64
Fe I 4407.709 2.18 −1.970 34.42 4.68
Fe I 4415.122 1.61 −0.621 121.77 4.55
Fe I 4427.310 0.05 −2.924 109.71 4.65
Fe I 4430.614 2.22 −1.659 40.74 4.54
Fe I 4442.339 2.20 −1.228 67.20 4.58
Fe I 4443.194 2.86 −1.043 27.12 4.42
Fe I 4447.717 2.22 −1.339 55.97 4.50
Fe I 4454.381 2.83 −1.300 25.98 4.62
Fe I 4459.118 2.18 −1.279 66.05 4.58
Table 3 continued
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Table 3 (continued)
Ion λ χ log gf W log  (X)
(A˚) (eV) (mA˚)
Fe I 4461.653 0.09 −3.194 100.87 4.71
Fe I 4476.019 2.85 −0.820 46.66 4.57
Fe I 4484.220 3.60 −0.860 10.23 4.60
Fe I 4489.739 0.12 −3.899 66.33 4.65
Fe I 4494.563 2.20 −1.143 70.78 4.55
Fe I 4531.148 1.48 −2.101 69.10 4.58
Fe I 4592.651 1.56 −2.462 52.22 4.71
Fe I 4602.941 1.49 −2.208 66.23 4.63
Fe I 4630.120 2.28 −2.587 8.70 4.65
Fe I 4632.912 1.61 −2.913 23.49 4.66
Fe I 4647.434 2.95 −1.351 20.30 4.64
Fe I 4678.846 3.60 −0.830 12.03 4.62
Fe I 4691.411 2.99 −1.520 13.24 4.63
Fe I 4707.274 3.24 −1.080 17.19 4.62
Fe I 4710.283 3.02 −1.610 9.42 4.59
Fe I 4733.591 1.49 −2.988 26.27 4.64
Fe I 4736.772 3.21 −0.752 31.04 4.59
Fe I 4786.806 3.00 −1.606 10.75 4.62
Fe I 4859.741 2.88 −0.760 53.00 4.58
Fe I 4871.318 2.87 −0.362 72.14 4.52
Fe I 4872.137 2.88 −0.567 54.38 4.42
Fe I 4890.755 2.88 −0.394 72.42 4.56
Fe I 4891.492 2.85 −0.111 85.16 4.50
Fe I 4903.310 2.88 −0.926 37.13 4.46
Fe I 4918.994 2.85 −0.342 73.33 4.48
Fe I 4924.770 2.28 −2.114 24.33 4.65
Fe I 4938.814 2.88 −1.077 30.63 4.48
Fe I 4939.687 0.86 −3.252 57.14 4.65
Fe I 4946.388 3.37 −1.170 11.59 4.64
Fe I 4966.089 3.33 −0.871 20.26 4.58
Fe I 4994.130 0.92 −2.969 69.41 4.65
Fe I 5001.870 3.88 0.050 30.48 4.55
Fe I 5012.068 0.86 −2.642 96.10 4.79
Fe I 5041.072 0.96 −3.090 60.04 4.64
Fe I 5041.756 1.49 −2.200 75.76 4.70
Fe I 5049.820 2.28 −1.355 59.37 4.52
Fe I 5051.634 0.92 −2.764 85.91 4.75
Fe I 5068.766 2.94 −1.041 29.33 4.47
Fe I 5074.749 4.22 −0.200 10.07 4.60
Fe I 5079.224 2.20 −2.105 24.55 4.53
Fe I 5079.740 0.99 −3.245 57.51 4.79
Fe I 5083.339 0.96 −2.842 73.53 4.63
Fe I 5098.697 2.18 −2.030 43.97 4.81
Fe I 5110.413 0.00 −3.760 95.98 4.79
Fe I 5127.360 0.92 −3.249 56.69 4.68
Fe I 5131.468 2.22 −2.515 12.58 4.62
Fe I 5133.689 4.18 0.140 18.84 4.52
Fe I 5142.929 0.96 −3.080 66.14 4.73
Table 3 continued
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Table 3 (continued)
Ion λ χ log gf W log  (X)
(A˚) (eV) (mA˚)
Fe I 5150.839 0.99 −3.037 59.45 4.60
Fe I 5151.911 1.01 −3.321 51.73 4.78
Fe I 5166.282 0.00 −4.123 78.79 4.79
Fe I 5171.596 1.49 −1.721 96.70 4.62
Fe I 5191.455 3.04 −0.551 56.08 4.57
Fe I 5192.344 3.00 −0.421 56.61 4.40
Fe I 5194.942 1.56 −2.021 83.02 4.72
Fe I 5198.711 2.22 −2.091 24.66 4.53
Fe I 5202.336 2.18 −1.871 42.80 4.62
Fe I 5216.274 1.61 −2.082 66.28 4.52
Fe I 5225.526 0.11 −4.755 33.12 4.76
Fe I 5232.940 2.94 −0.057 82.71 4.43
Fe I 5242.491 3.63 −0.967 8.44 4.56
Fe I 5247.050 0.09 −4.946 28.26 4.84
Fe I 5250.210 0.12 −4.938 21.48 4.71
Fe I 5250.646 2.20 −2.180 34.67 4.80
Fe I 5254.956 0.11 −4.764 37.38 4.85
Fe I 5266.555 3.00 −0.385 65.34 4.51
Fe I 5269.537 0.86 −1.333 159.43 4.76
Fe I 5281.790 3.04 −0.833 41.05 4.58
Fe I 5283.621 3.24 −0.524 41.32 4.52
Fe I 5302.300 3.28 −0.720 30.24 4.56
Fe I 5307.361 1.61 −2.912 25.00 4.60
Fe I 5324.179 3.21 −0.103 61.72 4.40
Fe I 5328.039 0.92 −1.466 152.54 4.82
Fe I 5328.531 1.56 −1.850 92.61 4.71
Fe I 5332.900 1.55 −2.776 31.82 4.54
Fe I 5339.930 3.27 −0.720 30.56 4.55
Fe I 5364.871 4.45 0.228 12.87 4.54
Fe I 5365.400 3.56 −1.020 11.05 4.65
Fe I 5371.489 0.96 −1.644 148.24 4.95
Fe I 5383.369 4.31 0.645 35.53 4.52
Fe I 5393.168 3.24 −0.910 32.33 4.73
Fe I 5397.128 0.92 −1.982 129.30 4.83
Fe I 5405.775 0.99 −1.852 136.75 4.95
Fe I 5415.199 4.39 0.643 35.76 4.63
Fe I 5424.068 4.32 0.520 33.18 4.61
Fe I 5429.696 0.96 −1.881 132.11 4.84
Fe I 5434.524 1.01 −2.126 116.05 4.79
Fe I 5446.917 0.99 −1.910 132.28 4.90
Fe I 5455.609 1.01 −2.090 123.53 4.90
Fe I 5497.516 1.01 −2.825 80.46 4.74
Fe I 5501.465 0.96 −3.046 75.60 4.80
Fe I 5506.779 0.99 −2.789 81.84 4.69
Fe I 5569.618 3.42 −0.540 29.34 4.50
Fe I 5572.842 3.40 −0.275 45.50 4.52
Fe I 5576.088 3.43 −1.000 14.19 4.58
Fe I 5586.756 3.37 −0.144 55.13 4.50
Table 3 continued
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Table 3 (continued)
Ion λ χ log gf W log  (X)
(A˚) (eV) (mA˚)
Fe I 5615.644 3.33 0.050 70.83 4.53
Fe I 5658.816 3.40 −0.793 22.66 4.58
Fe I 5662.516 4.18 −0.573 6.78 4.69
Fe I 5701.544 2.56 −2.143 12.34 4.59
Fe I 6065.481 2.61 −1.410 37.90 4.51
Fe I 6136.615 2.45 −1.410 52.64 4.55
Fe I 6137.691 2.59 −1.346 41.54 4.49
Fe I 6191.558 2.43 −1.416 56.39 4.59
Fe I 6219.280 2.20 −2.448 21.40 4.70
Fe I 6230.723 2.56 −1.276 51.97 4.54
Fe I 6252.555 2.40 −1.687 42.20 4.59
Fe I 6254.257 2.28 −2.443 24.66 4.86
Fe I 6265.134 2.18 −2.540 24.31 4.83
Fe I 6335.330 2.20 −2.180 32.04 4.65
Fe I 6393.601 2.43 −1.576 46.87 4.59
Fe I 6411.649 3.65 −0.595 21.03 4.58
Fe I 6421.350 2.28 −2.014 33.60 4.60
Fe I 6430.846 2.18 −1.946 43.03 4.58
Fe I 6494.980 2.40 −1.239 76.18 4.67
Fe I 6592.912 2.73 −1.473 30.35 4.54
Fe I 6663.440 2.42 −2.479 11.55 4.66
Fe I 6677.986 2.69 −1.418 37.18 4.56
Fe I 6978.850 2.48 −2.452 10.98 4.66
Fe II 4489.185 2.83 −2.970 14.64 4.59
Fe II 4491.410 2.86 −2.710 19.12 4.51
Fe II 4515.340 2.84 −2.600 28.14 4.59
Fe II 4520.224 2.81 −2.600 31.25 4.62
Fe II 4541.523 2.86 −3.050 10.75 4.54
Fe II 4555.890 2.83 −2.400 35.36 4.52
Fe II 4576.340 2.84 −2.950 16.37 4.63
Fe II 4583.840 2.81 −1.930 60.14 4.47
Fe II 4923.930 2.89 −1.320 93.25 4.53
Fe II 5197.580 3.23 −2.220 26.54 4.56
Fe II 5234.630 3.22 −2.180 32.27 4.62
Fe II 5276.000 3.20 −2.010 42.66 4.61
Fe II 5284.080 2.89 −3.190 10.78 4.64
Co I 3842.047 0.92 −0.770 47.49 2.23
Co I 3845.468 0.92 0.010 81.12 2.30
Co I 3881.869 0.58 −1.130 52.85 2.27
Co I 3995.306 0.92 −0.220 73.10 2.19
Co I 4118.767 1.05 −0.490 60.17 2.26
Co I 4121.318 0.92 −0.320 74.45 2.25
Ni I 3500.850 0.17 −1.294 88.63 3.30
Ni I 3524.540 0.03 0.007 171.36 3.21
Ni I 3566.370 0.42 −0.251 116.06 3.20
Ni I 3597.710 0.21 −1.115 99.47 3.31
Ni I 3807.140 0.42 −1.220 97.22 3.29
Ni I 3858.301 0.42 −0.951 108.26 3.25
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Table 3 (continued)
Ion λ χ log gf W log  (X)
(A˚) (eV) (mA˚)
Ni I 4648.659 3.42 −0.160 8.30 3.27
Ni I 4714.421 3.38 0.230 17.96 3.21
Ni I 4904.410 3.54 −0.170 6.04 3.24
Ni I 4980.161 3.61 −0.110 6.33 3.28
Ni I 5080.523 3.65 0.130 7.95 3.19
Ni I 5084.080 3.68 0.030 5.35 3.14
Ni I 5476.900 1.83 −0.890 60.32 3.18
Ni I 5754.675 1.94 −2.330 3.10 3.09
Ni I 6108.121 1.68 −2.450 5.53 3.12
Zn I 4722.150 4.03 −0.390 7.68 1.75
Zn I 4810.528 4.08 −0.137 10.51 1.70
Table 4. Individual Abundance Mea-
surements of Neutron-Capture Elements for
RAVE J2038−0023
Ion λ χ log gf log  (X)
(A˚) (eV)
Sr II 4161.792 2.94 −0.502 0.56
Sr II 4215.519 0.00 −0.170 0.43
Y II 3747.556 0.10 −0.910 −0.34
Y II 4398.013 0.13 −1.000 −0.49
Y II 4682.324 0.41 −1.510 −0.38
Y II 4883.684 1.08 0.070 −0.52
Y II 4900.120 1.03 −0.090 −0.72
Zr II 3573.055 0.32 −1.041 0.42
Zr II 3836.761 0.56 −0.120 0.38
Zr II 3991.127 0.76 −0.310 0.28
Zr II 3998.954 0.56 −0.520 0.36
Zr II 4317.299 0.71 −1.450 0.38
Zr II 4050.316 0.71 −1.060 0.38
Ba II 5853.675 0.60 −1.010 −0.03
Ba II 6141.713 0.70 −0.077 0.08
Ba II 6496.898 0.60 −0.380 0.25
La II 3794.774 0.24 0.140 −0.60
La II 3988.515 0.40 0.170 −0.80
La II 3995.745 0.17 −0.100 −0.70
La II 4086.709 0.00 0.230 −0.70
La II 4123.218 0.32 0.110 −0.85
La II 4429.905 0.24 −1.490 −0.90
Ce II 3940.330 0.32 −0.270 −0.35
Ce II 3942.151 0.000 −0.22 −0.37
Ce II 3999.237 0.30 0.090 −0.23
Ce II 4014.897 0.53 0.140 −0.48
Ce II 4072.918 0.33 −0.710 −0.14
Table 4 continued
Table 4 (continued)
Ion λ χ log gf log  (X)
(A˚) (eV)
Ce II 4073.474 0.48 0.230 −0.32
Ce II 4137.645 0.52 0.440 −0.35
Ce II 4138.096 0.924 −0.08 −0.32
Ce II 4165.599 0.91 1.420 −0.36
Ce II 4222.597 0.12 0.020 −0.41
Ce II 4562.359 0.48 0.381 −0.37
Ce II 4449.330 0.61 0.080 −0.51
Pr II 3964.812 0.06 −0.180 −0.93
Pr II 3965.253 0.20 −0.195 −0.88
Pr II 4179.393 0.20 0.293 −0.88
Pr II 4189.479 0.37 0.175 −0.86
Pr II 4222.934 0.06 0.018 −0.88
Pr II 4408.819 0.00 −0.278 −0.92
Pr II 4449.823 0.20 −0.436 −0.90
Nd II 3862.566 0.18 −0.760 −0.18
Nd II 3863.408 0.00 −0.010 −0.23
Nd II 3900.215 0.47 0.100 −0.24
Nd II 3991.735 0.00 −0.260 −0.14
Nd II 4021.728 0.18 −0.310 −0.37
Nd II 4051.139 0.38 −0.300 −0.12
Nd II 4061.080 0.47 1.380 −0.12
Nd II 4110.470 0.00 −0.710 −0.18
Nd II 4179.580 0.18 −0.640 −0.23
Nd II 4178.635 0.18 −1.030 −0.14
Nd II 4177.320 0.06 −0.100 −0.12
Sm II 3896.970 0.04 −0.670 −0.56
Sm II 4188.128 0.54 −0.440 −0.40
Sm II 4318.926 0.28 −0.250 −0.55
Sm II 4424.337 0.49 0.140 −0.58
Sm II 4421.126 0.38 −0.490 −0.58
Eu II 3724.930 0.00 −0.090 −0.74
Eu II 3907.107 0.21 0.170 −0.78
Table 4 continued
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Table 4 (continued)
Ion λ χ log gf log  (X)
(A˚) (eV)
Eu II 4129.720 0.00 0.220 −0.66
Eu II 4205.040 0.00 0.210 −0.73
Eu II 4435.578 0.21 −0.110 −0.86
Eu II 6645.060 1.38 0.120 −0.78
Gd II 3549.359 0.24 0.290 −0.39
Gd II 3697.733 0.03 −0.340 −0.40
Gd II 3768.396 0.08 0.210 −0.35
Gd II 3796.384 0.03 0.020 −0.29
Gd II 3844.578 0.14 −0.460 −0.33
Gd II 4191.075 0.43 −0.480 −0.29
Gd II 4215.022 0.43 −0.440 −0.39
Gd II 4251.731 0.38 −0.220 −0.49
Tb II 3702.850 0.13 0.440 −1.30
Tb II 3747.380 0.40 0.130 −1.30
Tb II 3848.730 0.00 0.280 −1.20
Tb II 3874.168 0.00 0.270 −1.26
Tb II 4002.566 0.64 0.100 −1.08
Dy II 3757.368 0.10 −0.170 −0.20
Dy II 3944.680 0.00 0.110 −0.24
Dy II 3996.689 0.59 −0.260 −0.42
Dy II 4050.565 0.59 −0.470 −0.40
Dy II 4073.120 0.54 −0.320 −0.44
Dy II 4077.966 0.10 −0.040 −0.26
Dy II 4103.306 0.10 −0.380 −0.26
Dy II 4449.700 0.00 −1.030 −0.42
Ho II 3796.730 0.00 0.160 −1.02
Ho II 3810.738 0.00 0.142 −1.00
Ho II 3890.970 0.08 0.460 −1.06
Er II 3692.649 0.06 0.138 −0.28
Er II 3906.311 0.00 −0.052 −0.28
Er II 3729.524 0.00 −0.488 −0.47
Er II 3786.836 0.00 −0.644 −0.35
Er II 3830.481 0.00 −0.365 −0.47
Er II 3896.233 0.06 −0.241 −0.48
Er II 3938.626 0.00 −0.610 −0.43
Tm II 3700.255 0.03 −0.380 −1.19
Tm II 3701.362 0.00 −0.540 −1.20
Tm II 3795.759 0.03 −0.230 −1.21
Tm II 3848.019 0.00 −0.140 −1.26
Tm II 3996.510 0.00 −1.200 −1.20
Yb II 3694.190 0.00 −0.320 −0.51
Lu II 3472.476 1.54 −0.220 −1.35
Lu II 3507.380 0.00 −1.160 −1.50
Hf II 3719.276 0.61 −0.810 −0.50
Hf II 3793.379 0.37 −1.110 −0.68
Hf II 3918.090 0.45 −1.140 −0.69
Hf II 4093.150 0.45 −1.150 −0.79
Os I 4135.775 0.52 −1.260 0.31
Table 4 continued
Table 4 (continued)
Ion λ χ log gf log  (X)
(A˚) (eV)
Os I 4260.848 0.00 −1.440 −0.14
Os I 4420.520 0.33 −0.430 0.11
Ir I 3800.120 0.00 −1.450 −0.02
Pb I 4057.807 1.32 −0.170 0.12
Th II 4094.747 0.00 −0.885 −1.17
Th II 4086.521 0.00 −0.929 −1.28
Th II 4019.129 0.00 −0.228 −1.27
U II 3859.571 0.036 −0.07 −2.14
Table 5. Final Abundance Estimates for RAVE J2038−0023
Ion log  (X) log  (X) [X/H] [X/Fe] σ σ n
C (CH) 8.43 5.08 −3.35 −0.44 0.20 0.20 1
C (CH) 8.43 5.75 −2.68 +0.23a 0.20 0.20 1
Na I 6.24 3.72 −2.52 +0.39 0.10 0.10 1
Mg I 7.60 5.05 −2.55 +0.36 0.05 0.10 10
Al I 6.45 3.09 −3.36 −0.45 0.10 0.10 1
Si I 7.51 5.19 −2.32 +0.59 0.03 0.10 2
Ca I 6.34 3.59 −2.75 +0.16 0.07 0.10 13
Sc II 3.15 0.21 −2.94 −0.03 0.04 0.10 8
Ti I 4.95 2.12 −2.83 +0.08 0.03 0.10 12
Ti II 4.95 2.16 −2.79 +0.12 0.03 0.10 34
V II 3.93 1.30 −2.63 +0.28 0.04 0.10 2
Cr I 5.64 2.45 −3.19 −0.28 0.04 0.10 16
Mn I 5.43 2.01 −3.42 −0.51 0.02 0.10 7
Fe I 7.50 4.59 −2.91 +0.00 0.12 0.10 202
Fe II 7.50 4.57 −2.93 −0.02 0.05 0.10 13
Co I 4.99 2.25 −2.74 +0.17 0.04 0.10 6
Ni I 6.22 3.22 −3.00 −0.09 0.07 0.10 15
Zn I 4.56 1.73 −2.83 +0.08 0.04 0.10 2
Sr II 2.87 0.50 −2.38 +0.54 0.11 0.11 2
Y II 2.21 −0.49 −2.70 +0.21 0.07 0.10 5
Zr II 2.58 0.37 −2.21 +0.70 0.02 0.10 6
Ba II 2.18 0.10 −2.08 +0.83 0.10 0.10 3
La II 1.10 −0.76 −1.86 +1.05 0.07 0.10 6
Ce II 1.58 −0.35 −1.93 +0.98 0.04 0.10 12
Pr II 0.72 −0.89 −1.61 +1.30 0.01 0.10 7
Nd II 1.42 −0.19 −1.61 +1.30 0.03 0.10 11
Sm II 0.96 −0.53 −1.49 +1.42 0.03 0.10 5
Eu II 0.52 −0.75 −1.27 +1.64 0.04 0.10 6
Gd II 1.07 −0.37 −1.44 +1.47 0.02 0.10 8
Tb II 0.30 −1.23 −1.53 +1.38 0.04 0.10 5
Dy II 1.10 −0.33 −1.43 +1.48 0.03 0.10 8
Ho II 0.48 −1.03 −1.51 +1.40 0.02 0.10 3
Er II 0.92 −0.39 −1.31 +1.60 0.03 0.10 7
Tm II 0.10 −1.21 −1.31 +1.60 0.01 0.10 5
Yb II 0.84 −0.51 −1.35 +1.56 0.20 0.20 1
Lu II 0.10 −1.43 −1.53 +1.39 0.09 0.10 2
Table 5 continued
Table 6. Example Systematic Abundance Uncer-
tainties for RAVE J2038−0023
Elem ∆Teff ∆log g ∆ξ σ/
√
n σtot
+100 K +0.2 dex +0.2 km/s
Na I 0.10 −0.10 −0.11 0.10 0.21
Mg I 0.08 −0.08 −0.04 0.04 0.13
Al I 0.03 −0.16 −0.11 0.10 0.22
Si I 0.07 −0.06 −0.04 0.10 0.14
K I 0.09 −0.01 −0.01 0.10 0.14
Ca I 0.07 −0.03 −0.02 0.03 0.08
Sc II 0.03 0.03 −0.03 0.04 0.07
Ti I 0.12 −0.03 −0.02 0.04 0.13
Ti II 0.01 0.02 −0.05 0.02 0.06
Cr I 0.11 −0.04 −0.04 0.03 0.13
Mn I 0.05 −0.14 −0.17 0.06 0.23
Fe I 0.10 −0.05 −0.05 0.01 0.12
Fe II −0.01 0.04 −0.01 0.04 0.06
Co I 0.09 −0.07 −0.06 0.05 0.14
Ni I 0.10 −0.01 −0.01 0.04 0.11
Zn I 0.03 0.02 −0.00 0.10 0.11
Sr II 0.06 −0.05 −0.12 0.10 0.17
Ba II 0.09 −0.03 −0.11 0.06 0.16
Table 5 (continued)
Ion log  (X) log  (X) [X/H] [X/Fe] σ σ n
Hf II 0.85 −0.67 −1.52 +1.40 0.07 0.10 4
Os I 1.40 0.09 −1.31 +1.60 0.15 0.15 3
Ir I 1.38 −0.02 −1.40 +1.51 0.20 0.20 1
Pb I 1.75 −0.10 −1.85 +1.06 0.20 0.20 1
Th II 0.02 −1.24 −1.26 +1.65 0.04 0.10 3
U II −0.54 −2.14 −1.60 +1.31 0.20 0.20 1
a[C/Fe]=+0.23 using corrections of Placco et al. (2014b).
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Table 7. Ages of RAVE J2038−0023 Calculated from Th and U
Chronometer Pairs
X/Y log  (X/Y)obs PR Age PR Age σ
(i) (Gyr) (ii) (Gyr) (Gyr)
Th/Baa −1.34± 0.10 · · · · · · −1.058 13.16 4.80
Th/La −0.48± 0.08 −0.60 −5.52 −0.362 5.58 3.83
Th/Ce −0.89± 0.05 −0.79 4.63 −0.724 7.71 2.50
Th/Pr −0.35± 0.04 −0.30 2.20 −0.313 1.59 1.81
Th/Nd −1.05± 0.05 −0.91 6.62 −0.928 5.78 2.13
Th/Sm −0.71± 0.05 −0.61 4.48 −0.796 −4.20 2.38
Th/Eua −0.49± 0.05 −0.33 7.28 −0.240 11.48 2.51
Th/Gda −0.87± 0.05 −0.81 2.98 −0.569 14.22 2.10
Th/Tb −0.01± 0.06 −0.12 −5.04 · · · · · · 2.64
Th/Dy −0.91± 0.05 −0.89 0.93 −0.827 3.87 2.24
Th/Ho −0.21± 0.04 · · · · · · −0.071 6.64 2.00
Th/Era −0.85± 0.05 −0.68 7.73 −0.592 11.84 2.19
Th/Tm −0.03± 0.04 0.12 6.91 0.155 8.54 1.86
Th/Hf −0.58± 0.04 −0.20 17.50 −0.036 25.16 1.86
Th/Os −1.33± 0.16 −1.15 8.56 −0.917 19.43 7.39
Th/Ir −1.22± 0.20 −1.18 1.87 −0.839 17.78 9.50
Th/U 0.90± 0.20 0.22 14.82 0.283 13.45 4.44
Th/X (averagea) 12.68 1.55
U/Bab −2.24± 0.22 · · · · · · −1.341 13.34 3.29
U/La −1.38± 0.21 −0.81 8.48 −0.645 10.93 3.05
U/Ce −1.79± 0.20 −1.01 11.56 −1.007 11.61 3.02
U/Pr −1.25± 0.20 −0.52 10.79 −0.596 9.66 2.97
U/Nd −1.95± 0.20 −1.13 12.20 −1.211 10.99 2.99
U/Sm −1.61± 0.20 −0.83 11.52 −1.079 7.82 3.01
U/Eub −1.39± 0.20 −0.55 12.41 −0.523 12.81 3.02
U/Gdb −1.77± 0.20 −1.03 11.04 −0.852 13.68 2.99
U/Tb −0.91± 0.20 −0.33 8.64 · · · · · · 3.03
U/Dy −1.81± 0.20 −1.11 10.39 −1.110 10.39 3.00
U/Ho −1.11± 0.20 · · · · · · −0.354 11.27 2.98
U/Erb −1.75± 0.20 −0.90 12.55 −0.875 12.92 3.00
U/Tm −0.93± 0.20 −0.10 12.29 −0.128 11.87 2.97
U/Hf −1.48± 0.21 −0.42 15.66 −0.319 17.16 3.15
U/Os −2.23± 0.25 −1.37 12.81 −1.200 15.33 3.75
U/Ir −2.12± 0.28 −1.40 10.68 −1.122 14.81 4.20
U/Th −0.90± 0.20 −0.22 14.82 −0.283 13.45 4.44
U/X (averageb) 13.19 1.53
Final averagec 12.99 1.09
aAbundance ratios used for Th/X average.
b Abundance ratios used for U/X average.
c Average calculated from ratios marked with a, b, and U/Th.
Note—Initial production ratios (PR: log  (X/Y)0) are taken from (i) the r-process
waiting point calculations by Schatz et al. (2002) and (ii) the high-entropy wind
r-process models reported by Hill et al. (2016), based on Farouqi et al. (2010).
